The aim of the performed tests was to analyse the precipitation processes in the 23Cr-45Ni-6W-Nb-Ti-B (HR6W) alloy based on nickel. The examined material was subjected to the process of long-term isothermal annealing at 700
Introduction
The HR6W nickel-base alloy was developed in the 1990s in Japan as a material for components of steam superheaters operating at up to 800
• C. This alloy is characterised by creep strength, which is intermediate between that of high-chromium martensitic steels and of nickel superalloys. Creep strength of the HR6W alloy is the result of strong solid solution strengthening by tungsten and nitrogen atoms and precipitation hardening by particles of M 23 C 6 and MC carbides and Laves phase. Due to high chromium content, higher than that in austenitic steels, this alloy is characterised by resistance to oxidation in steam atmosphere and to "hot corrosion" [1, 2] .
The suitability of creep-resistant steels and alloys for use in components and installations of power units is determined by labour-and time-consuming tests of microstructure stability and mechanical properties under ageing conditions at a temperature similar to that of the expected service. For creep-resistant steels and alloys with austenitic matrix the main processes affecting the microstructure degradation and reduction in functional properties, including corrosion resistance, are precipitation and changes in the morphology of secondary phases [3] [4] [5] [6] [7] [8] . Knowledge of the sequence of secondary phase precipitations and linking them with changes in mechanical properties will allow building a database and characteristics of specific alloy in terms of its applicability for long-term service under creep conditions [2, 3] . The aim of the performed tests was to analyse the precipitation processes in HR6W alloy subjected to isothermal ageing at 700
• C for 10000 h. * corresponding author
Material and research methodology
The testing covered creep-resistant nickel-base alloy HR6W with chemical composition is set out in Table I . The test material was subjected to isothermal annealing at 700
• C for up to 10000 h. The range of the performed tests included:
• The analysis of microstructure using the optical microscope Axiovert 25 and the scanning electron microscope JEOL JSM-6610LV, the structural tests were performed on metallographic microsections etched with ferric chloride; • The X-ray structural examinations performed using the X-ray diffractometer Seifert XRD -3003TT; • Identification of precipitates by selective electron diffraction using the transmission electron microscope Titan 80-300.
Research results and their analysis
3.1. Microstructure of the test alloy in the as-received condition Similarly to creep-resistant steels with austenitic structure, the HR6W alloy in the as-received condition is delivered in solution condition. The solution heat treatment is to obtain a homogeneous structure with no precipitates. The chemical composition of the test alloy includes strongly carbide-forming alloying elements, i.e. niobium and titanium. Therefore, numerous primary precipitates in nickel austenite matrix are observed in its microstructure in the as-received condition. In the structure of HR6W alloy, there are also annealing twins, which is characteristic of alloys with A1 structure (Fig. 1) . Two morphologies of primary precipitates were revealed in the test alloy: particles with a globular-like shape and particles with a rectangular shape. The globular precipitates were rich in niobium, while the rectangular ones were rich in titanium. The example of primary precipitate in HR6W alloy in the as-received condition is shown in Fig. 2 . Also, the X-ray structural examinations confirmed the existence of this type of precipitates in the test alloy (Fig. 3a) . The performed identifications revealed that the first of them was NbC precipitates, while the latter was TiN precipitates. A part of TiN particles precipitated by nucleating heterogeneously on Al 2 O 3 oxides. Similarly, the complexes of TiN-Al 2 O 3 precipitates were observed in [9] . The primary precipitates in the structure of the test alloy existed mainly inside the austenite grains, and some of these particles were observed near and at the grain boundaries (Fig. 1) . According to [10] , in HR6W alloy in the as-received condition (i.e. after solution heat treatment) there were also primary M 23 C 6 carbides in addition to primary MX precipitates. Precipitates of this type were not observed in the test alloy. 
Microstructure of the test alloy after ageing
The ageing of the test alloy mainly contributed to the intensive precipitation processes. The first, privileged place of precipitation of secondary phases in austenitic matrix alloy is the grain boundaries as areas with increased energy and the way of easy diffusion. As the energy of the incoherent twin boundary represents ap- [11] , at the next stage the precipitation took place at the twin boundaries and inside the grains. In creepresistant alloys, precipitates at the grain boundaries hamper sliding at the boundaries, thus increasing the creep resistance [4, 5, 12] . However, this effect disappears in case of formation of the so-called continuous network of precipitates by particles, which results in the increase in brittleness and contributes to a change in cracking mechanism from ductile to brittle, frequently intercrystalline [3] . The effect of negative impact of particles precipitated at the grain boundaries in austenitic matrix alloy is visible on the example of HR3C steel [3, 13] .
In the microstructure of the test alloy, the presence of M 23 C 6 carbides and Laves-phase precipitates were observed at the grain and twin boundaries (Fig. 4) . The numerous precipitates observed at the boundaries form the so-called continuous network of precipitates (Fig. 5 ). In steels with austenitic matrix, M 23 C 6 carbides are the first secondary precipitates occurring in the structure of these materials during ageing/service [5, 12] . M 23 C 6 carbides (Fig. 4a) are characterised by low stability at elevated temperature and a tendency to form the so-called continuous network of precipitates at the grain boundaries, which results in the decrease in mechanical properties, and also in the reduction in corrosion resistance [3] [4] [5] 13] . According to [5, 11, 12] , not only the amount of M 23 C 6 particles precipitated at the grain boundaries, but also their shape determine their impact on the properties. The M 23 C 6 precipitates with a lamellar-like shape ensure higher creep strength than those with a wedge-like shape, whereas the Laves-phase precipitates (Fig. 4b) in an alloy of this type are considered favourable provided that the phase is relatively fine. The growth of this phase leads to the reduction in creep strength and crack resistance [2, 4, 10] . Inside the grains, in addition to primary MX precipitates, numerous relatively fine secondary precipitates of M 23 C 6 carbides are observed. Apart from these precipitates, the existence of composite complexes of TiN -the Laves phase -M 23 C 6 carbide precipitates were revealed inside the grains in the test alloy (Fig. 6) , whereas the M 23 C 6 particles and the Laves phase nucleate heterogeneously on the TiN precipitate. Similar complexes of precipitates in HR6W alloy were observed after 5000 h ageing at 750
• C [14] . Heterogeneous nucleation on TiN precipitates may result from favourable crystalline relationships among the networks of precipitates and fluctuations in chemical composition as well as from higher nucleation activation energy on the intercrystalline boundaries compared to that inside the grain. The composite complexes of precipitates in creep-resistant alloys were observed by, but not limited to [9, [14] [15] [16] . According to [17] , the formation of composite complexes of AlN-NbX ("caps") in steel results from the fact that the system aims at reduction in its internal energy and from the fact of easier nucleation on the intercrystalline border than in the matrix. The authors also mention the favourable crystalline relationship among these precipitates. The formation of composite complexes of AlN-M 23 C 6 and AlN-NbC in the 9-12%Cr steel is accompanied by the appearance of zones depleted in precipitates in the vicinity of these complexes and by the increase of distance among these precipitates. In the near-boundary precipitate-depleted zones, the accelerated process of matrix recrystallisation and reduction in strength properties takes place. Consequently, this leads to uneven course of the creep process within the grain volume and accelerated failure. In 9-12% Cr steels, the NbX-VX complexes, specified as the "V-wings", which are an obstacle to the movement of dislocations resulting in the increase in creep resistance, are also observed [16] . After the specific time of ageing, no presence of the σ-phase precipitates was disclosed in the test alloy, which confirms the favourable effect of tungsten on inhibiting and delaying the precipitation of this harmful intermetallic phase [2] . The presence of precipitates (M 23 C 6 carbides, Laves phase, TiN nitride) in the microstructure of HR6W alloy after ageing was confirmed by the X-ray structural diffraction analysis (Fig. 3b) .
Summary
This paper presents the results of precipitate identification by selective electron diffraction and X-ray structural examinations in HR6W alloy in the as-received condition and after 10000 h ageing at 700
• C. The performed identifications revealed that only primary MX precipitates rich in niobium and/or titanium -NbC, TiN were observed in HR6W alloy in the as-received condition. A part of TiN precipitates occurs as a result of heterogeneous nucleation on Al 2 O 3 oxides. The ageing process results in the occurrence of numerous secondary phase precipitates with diverse morphologies in the structure. At the grain boundaries, the presence of M 23 C 6 carbides and the Laves phase precipitations were revealed. Inside the grains, the precipitations of M 23 C 6 carbides, the Laves phase and composite complexes of TiN-M 23 C 6 -Laves phase were observed in addition to primary MX precipitates. No σ-phase precipitates were disclosed in the test alloy after 10000 h ageing at 700
